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Abstract

There are numerous analytical applications of scatter-emission and/or absorption spectroscopy
applied to liquids and solids in the temperature range of 0 to 350°C. In this paper an all-silica
fiberoptic probe is described which is useful for spectral analyses from O to 1600 K and can be
used in harsh chemical environments. The probe has been used for Raman spectral analyses of
many molten salt and solid material systems to 1000°C. It has applications for such studies at
higher temperature ranges. The instrumentation required along with the demonstrated and
proposed applications of the all-silica probe are presented and discussed.
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Introduction

There are many kinds of scatter-emission spectroscopies that are of value for analytical
measurements. Fluorescence, reflectance, arc or spark emission are descriptors for some of
these. Raman scatter spectroscopy is also quite a useful technique for analytical measurements.
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Figure 1. Basis for Raman spectroscopy.

In Figure 1, we give a simplified explanation of the Raman effect. If one shines
monochromatic light into a sample, light may be absorbed, exciting the sample to some virtual
state. We know from experience that almost all of the light is re-emitted in the same
wavelength range. This is called Rayieigh or Mei scattering and is designated in the figure by
the arrows in both examples that point up and down from the same lower energy state. A very
small percentage (the order of 10-4%) of the monochromatic light is re-emitted leaving the
sample at a vibrationally-excited state. Thus, this light is at a distinctly lower energy compared
to the exciting radiation. This is called a Stokes shift and is represented in the left-hand
example by an arrow descending to a more energetic vibrational state. If the sample is not ata
temperature of absolute zero, some of this vibrationally excited state will be thermally
populated. That portion of the sample still absorbs and re-emits exciting radiation as Rayleigh
scattered light, but a small percentage of the exciting light is re-emitted as the sample relaxes to
the lower vibrational state. The energy of this light is of higher energy and is called an anti-
Stokes shift, depicted in the example to the right. Notice that the energy separation of the
Stokes or anti-Stokes shifted emission from that of the exciting radiation is the same, and
expressed in Acm-1. The intensity of either shifted emission is a function of the population of
the vibrational energy states; therefore, the ratio of the intensity of Stokes to anti-Stokes signal
varies with absolute temperature. We will come back to this point later.

From the above description it is apparent that the Raman shifted emission will be weak. It can
be quite useful, however, for the determination and identification of components that are
present in the percent or more range in samples, and it is used for analytical determinations in
this concentration range.

There are a number of commercial instruments that have been developed to carry out Raman
spectral studies. The Raman signal can be easily detected by fiberoptic devices, so many of
these instruments have fiberoptic capabilities. Fiberoptic Raman probes consist of a fiber that
directs an exciting beam of light, from a laser, onto or into a sample. The back-scattered light

is picked up by one or more fibers and directed to a spectrometer for detection. Generally, the -
head of the probe is held together by epoxy resins. Such a design is not useful at temperatures

above the decomposition temperature of the resin, or in samples that attack the resin.

All-Silica Fiberoptic Probe

We have developed an all-silica fiberoptic probe that circumvents the above limitations! and is
shown in Figure 2. The construction of this fiberoptic probe makes it particularly applicable to
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in-line process sensing. The probe is constructed by enclosing two or more silica optical fibers
inside a silica tube.

-Figure 2. All-silica fiberoptic probe; enlarged view of the probe end.

During fabrication the tube is maintained under reduced pressure. After thermally fusing the
optical fibers and the tube together, the end is cut and polished leaving, essentially, a silica rod
that maintains the individual characteristics of the fibers of which it is composed. An enlarged
view of the probe head is shown in the figure. Note that it is a 1x6 arrangement; the exciting
fiber is in the center surrounded by six collection fibers. At the other end of the probe, the six
fibers are assembled in a linear array in a connector that can be coupled to a spectrometer.
Since the probe head contains only silica it has the chemical and physical properties of a silica
rod.
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Figure 3. Laboratory instrumentation for Raman studies with the fiberoptic probe.
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The design of the laboratory instrumentation we use is typical of most and is shown in Figure
3. Light from a laser is directed through a narrow band-pass filter, to assure monochromatic
excitation, and focused into the exciting fiber of the probe. Scattered light from the sample is
collected by the six fibers in the probe and directed through a filter that blocks the excitation
wavelength. The collected light is focused onto a vertical slit of a monochromator and detected
by a charge coupled device (CCD) detector. The spectrophotometric measurement is controlled
by a computer.

With our all-silica probe and the above experimental set-up we have carried out Raman spectral
studies of a number of molten salts at elevated temperatures. Originally the probe was
developed to undertake Raman spectral studies of the MgCly-2 ion in molten NaCl-KCI-MgCl-
CaCl; in the temperature range of 700° to 800°C. The resultant spectrum! of MgCly-2 is
shown in Figure 4.
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Figure 4. Raman spectra of MgCly2- in molten NaCl-Kcl-CaCl2-MgCI2 at 720°C.

(a) Recorded by the use of the fiberoptic probe;
(b) Recorded by conventional transmission method.

The spectrum obtained with our all-silica fiberoptic probe is shown as spectrum (a). This is
comparable to a Raman spectrum of the same melt obtained by the normal technique (b) where
the melt is held in a silica cell and the Raman scatter emission is observed at right angles to the
laser exciting beam. The SiO; in optical fibers also generates a Raman signal. This is seen in
(a) as the broad peak underlying the MgCly-2 peak along with several additional peaks near 600
and 800 Acm-1. If the silica background is subtracted from the spectrum, spectrum (a) and (b)
are identical. , ,
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Figure 5. Calibration curve relating MgCl42- concentration to Raman peak intensity in molten
NaCl-KCI]-CaCl,-MgCl, at 720°C. Solid circles determined via conventional Raman
technique; open circles and squares determined using fiberoptic probes.

Quantitative determinations via Raman spectrometry are sometimes difficult to accomplish.
The intensity of a Raman signal is controlled by many parameters: concentration of the species
in question, laser intensity, sample scatter, sample clarity, etc. In the past, the Raman signal
arising from the species in question is normalized to some stable Raman signal in the sample or

a reference material is added for normalization.2 In our case and in process streams in general,
the above possibilities are not practical. We have developed a method wherein a particular

location on the Rayleigh scatter curve is used as the normalization point.3 In Figure 5 we show
the calibration curve for MgCly-2 in the molten chloride solution derived in this manner. It can
be seen that the calibration over the range of 0 to 30 mole % MgCl; is not linear. Later Raman
studies with molten mixtures of MgCl, and KCl, carried out with the all-silica fiberoptic probe,
revealed there are two species present in alkali chloride-magnesium chloride melts, MgCly-2
and Mg,Cl;-3.4 The latter species is more prevalent at high MgCl, concentration and is most
likely responsible for the nonlinear calibration curve. Spectra of the pure species derived from
this study are shown in Figure 6.
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Figure 6. Extracted Raman spectra for MgCl,2- and Mg,Cly?- and Mg, Cly3-.
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There are other aspects of high temperature fiberoptic Raman spectroscopy that can be
advantageous. In Figure 1, we discussed anti-Stok- Raman signals; in Figure 4, we show the
silica (Stokes) background signal that lies benc. 1 the MgCly-2 Stokes signal. At high
temperatures, anti-Stokes signals increase in intensity because the excited vibrational levels
(Figure 1) are more populated. Most of the fiberoptic probe, however, is at room temperature
in the above example; i.e., only a small part of the probe is actually heated. An anti-Stokes
Raman spectrum therefore yields an enhanced molten salt spectrum and a diminished silica
background.5 This aspect is shown in Figure 7; compare, for example, the Stokes and anti-
Stokes signals for MgCl,-2 and silica in the spectral pairs presented.

Using the all-silica fiberoptic probe we have studied a number of molten salt systems. In
Figure 8, we show the Raman spectrum of a mixtureé of AICIF,4.4- species in molten NaF-
AlICl3 at 750°C. The Raman spectrum of CO3-2 in molten Li,CO3-NasC05 at 520°C is
presented in Figure 9. The probe was chemically attacked in this last melt, but it was still
possible to collect the Raman signal. The probe has also been used to collect Raman spectra in
molten poly (ethylene terephlthalate), PET, at 280°C.
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Figure 7. Spectra al and b! are anti-Stokes Raman spectra recorded for a four-component
melt at 720°C via 5- and 10-m optic fibers, respectively, while spectra a2 and
b2 are the corresponding Stokes Raman spectra.
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Figure 8. Raman spectra of AICIF4.«- species in molten NaF-AICl; at 750°C.
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Figure 9. Raman spectrum of C0;32- in molten Li2CO35Na2CO3 at 520°C.

Temperature Measurements

There are other applications that can be made of Raman spectral measurements at high
temperature. On the basis of fundamental Raman spectroscopy theory, the Stokes/anti-Stokes
ratio is a function of temperature and the relationship is given as,’
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N (v() - i.)k)"' ~
S/AS = m‘" exp {hev /kT}
o k

for the ratio of the {S] Stokes (v, - v;) to the [AS] anti-Stokes (v, + v; ) line intensities. Here
vo and vy are the frequencies in cm-! of the exciting light and the scattered Raman light,
respectively; /4 is Plank’s constant; k is Boltzmann’s constant; T is temperature. Several things
are of note. The temperature measurement is based on first principles; no calibration is
required. The sensitivity of the measurement is a direct function of the Stokes (or anti-Stokes)
shift; the greater the Acm-! of the Raman signal, the more sensitive the measurement. We made
use of this phenomenon to measure temperature in the range of 300° to 1000°C by Raman
measurements of diamond in air.83 We were limited in that experiment by the oxidation of
diamond. Diamond exhibits a very sharp, singular, intense Raman peak at 1332 cm-! and is
ideally suited for this measurement. It should be pointed out, however, that both the position
and width of the peak is somewhat influenced by temperature.8

With proper protection, diamond would be suitable as a temperature probe at temperatures up
to the point at which it becomes graphite, approximately 2200°C.
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Figure 10. Idealized Stokes/anti-Stokes ratio of a diamond as a function of temperature.

An idealized comparison of our experimental data and the usefulness of this technique is shown
in Figure 10. The system would be ideal for temperature measurement in the region of 1000°
to 2000°C as the ratios could be measured with good precision. One could envision making
very accurate temperature measurements of molten metals, such as steel or titanium, by using a
protected diamond chip viewed by a single or multiple fibered Raman probe. The measurement
is made with insulating materials; no conductors are present in the measurement location. This
technique is therefore not affected by electric or magnetic fields, a definite advantage in electric
furnaces.
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